Background: Biotinidase deficiency (BD) is an autosomal recessively inherited disorder of biotin recycling. It is classified into two levels based on the biotinidase enzyme activity: partial deficiency (10%-30% enzyme activity) and profound deficiency (0%-10% enzyme activity). The aims of this study were to evaluate our patients with BD, identify the spectrum of biotinidase (BTD) gene mutations in Turkish patients and to determine the clinical and laboratory findings of our patients and their follow-up period. Methods: A total of 259 patients who were diagnosed with BD were enrolled in the study. One hundred and fortyeight patients were male (57.1%), and 111 patients were female (42.9%).
Introduction
Biotin is a water-soluble vitamin that plays an essential role in carboxylation reactions. It is a cofactor for pyruvate carboxylase, propionyl-CoA carboxylase, methylcrotonylCoA carboxylase and two of the isoforms of acetyl-CoA carboxylase (ACC-1 and ACC-2) that have a role in amino acid catabolism, gluconeogenesis, tricarboxylic acid cycle and fatty acid synthesis [1, 2] . Biotinidase (EC 3.5.1.12) is the enzyme that recycles the vitamin biotin [3, 4] .
Biotinidase deficiency (BD) (OMIM 253260), the major cause of late-onset biotin-responsive multiple carboxylase deficiency is an autosomal recessively inherited disorder [5, 6] . Individuals with profound deficiency have less than 10% of mean normal biotinidase activity, whereas those with partial BD have between 10% and 30% mean normal enzyme activity [7] . The symptoms of the disorder can be successfully treated or prevented by administering pharmacological doses of biotin [7] .
The clinical features of the symptomatic children with profound BD include hypotonia, lethargy, seizures, ataxia, optic atrophy, hearing loss and cognitive deficits, which if untreated can progress to coma or death. The cutaneous findings include eczematous skin rash, alopecia and conjunctivitis. If optic atrophy, hearing loss and cognitive deficits develope, they are generally irreversible. Respiratory problems, such as hyperventilation, laryngeal stridor and apnea can occur. Also, untreated patients with BD can develop lactic acidosis, ketosis and hyperammonemia. Patients with untreated partial deficiency may have milder symptoms [7] . The first newborn screening for BD was started in Virginia in 1984 [8] . The patients with BD who are treated with biotin before they have developed symptoms, appear to have normal development [7] .
The gene for biotinidase is located on chromosome 3q25 [9] . The human BTD gene contains four exons with sizes 79 bp, 265 bp, 150 bp and 1502 bp [10] . By sequencing of the BTD gene over 150 different mutations have been identified [11] .
The aims of this study were to evaluate our patients with BD, identify the spectrum of BTD gene mutations in Turkish patients and to determine the clinical and laboratory findings of our patients and their follow-up.
Materials and methods
All patients with BD followed at the Ege University Faculty of Medicine, Department of Pediatrics, Division of Pediatric Metabolism and Nutrition were enrolled in this study. The patients who were diagnosed with BD from the National Newborn Screening Program or family screening or referred to the outpatient clinic due to symptoms were recorded. The diagnosis is confirmed by enzyme activity and BTD gene analysis for all patients. Detailed clinical and laboratory findings (such as blood gas, lactic acid, urine organic acid analysis and spot blood carnitine profiles) were recorded.
Biotinidase activity measurement
In order to confirm the diagnosis of BD, all patients' serum biotinidase activity was determined quantitatively at the Ege University Faculty of Medicine, Clinical Biochemistry Laboratory by the colorimetric method (reference: 4.4-12 nmol/min/mL). The method uses biotinyl-paminobenzoic acid (B-PABA) as substrate. Biotinidase in serum cleaves the amide bond of B-PABA forming free biotin and p-aminobenzoic acid (PABA). The released PABA is then converted to a purple azo dye and quantitated spectrophotometrically at 546 nm. Enzyme activity is expressed as the released PABA in nmol⋅min −1 ⋅mL −1 of serum and % of mean normal serum activity. To test for the presence of interfering substances a substrate-free blank and also a positive control was included with each set of reference individuals' samples [6, 12] . All patients' enzyme activity had been measured at least twice.
Molecular analysis
Biotinidase mutation analysis was performed by sequencing of the coding exons and the exon-intron boundaries of the genes. Genomic DNA was isolated from peripheral blood cells with a QIAamp DNA Blood Mini Kit (cat# 51104 QIAGEN, Germantown, MA, USA) according to the protocol provided with the kit. To amplify the exons, BTD gene primers were used as listed in Table 1 . Sequencing was performed with Sanger sequencing or next generation sequencing (NGS). In Sanger sequencing, polymerase chain reaction products were sequenced by the dye termination method using a DNA sequencing kit (Perkin-Elmer, Foster, CA, USA) and analyzed using the ABI Prism 3100 sequence analyzer (Applied Biosystems, Foster, CA, USA). The NGS sequencing was performed with a MiSeq Reagent Kits v2 on a MiSeq instrument (Illumina, Foster, CA, USA). The analysis was performed with the Integrative Genomics Viewer (IGV) software using BTD transcript NM_000060. IGV is freely available at https://www.igv.org.
Primers used for the sequencing of the coding region of BTD gene were;
BTD -1F TGCAAAGCAGGTAAGAAGCC  BTD-1R CGCCCTTACCACACCCCCTC  BTD-2F GCAGGATTCTTTATTCAGCTG  BTD-2R GCAATCTGCTCTGTATGAGAG  BTD-3F CCTGCCATCTGATAACAGAC  BTD-3R CTGACTTAGATCACCTCTGTG  BTD-4AF TCAATCTCCTGACCTCATG  BTD-4AR GGTTCCATTATTGCTGAACACGAC  BTD-4BF CAGTTCAACACAAATGTC  BTD-4BR CATGCTTCACCTTGTAGTCTC  BTD-4CF GAGACTACAAGGTGAAGCATG  BTD-4CR GGTCCGTTTCACCTGTTGCA  BTD-4DF AACGGACCCATCCCATAGT  BTD-4DR GTAAGTGCCATGTACTGT  BTD-4EF CACAGTACATGGCACTTAC  BTD-4ER TCAACATGATGGCCAGAGTC A total of 259 patients with low enzyme activity and/or with mutations (in two alleles) BTD gene analysis, were enrolled in the study. The consanguinity rate (86 patients, 33.2%) was high in our study. We detected 31 patients with BD by family screening. Twenty of these patients had partial BD, 11 patients had a profound deficiency. Fifteen of them were parents (six profound BD, nine partial BD) of the index cases. One mother complained about hair loss and the rest of them were asymptomatic. Sixty-nine (26.6%) patients had relatives with BD deficiency. Patient 232 who had profound deficiency had six relatives (parents and four siblings) with profound deficiency. They all had homozygote p.R157H mutations.
Most of our patients (95.6%) were asymptomatic. In total 12 patients (4.6%) had clinical symptoms. Four of them were diagnosed by newborn screening, one of them was diagnosed by family screening. Ketoacidosis was detected in three patients. Hypoglycemia was observed in two patients. Two patients had hearing loss at the time of diagnosis. Patient 192, diagnosed by newborn screening at the age of 17 days, had hearing loss. He was also under investigation for inherited hearing loss disorder. Late-onset BD was detected in one patient, and the case was reported in the literature by Yilmaz et al. [13] . A 14-year-old boy presented with progressive vision loss and upper limb weakness. Steroid therapy was initiated with a preliminary diagnosis of neuromyelitis optica spectrum disorder due to the craniospinal imaging findings demonstrating optic nerve, brainstem and longitudinally extensive spinal cord involvement. He had profound BD and BTD gene analysis revealed c.98-104delinsTCC/p.V457M and complete regression detected after biotin therapy. By family screening, his brother was diagnosed with profound BD and was treated with biotin. One patient had autism spectrum disorder and was diagnosed with partial BD. One patient with partial BD with homozygous pD44H mutation visited our department due to a tic disorder. A 19-year-old girl was diagnosed with partial BD at the age of 16 years. She had recurrent hypoglycemia and ketoacidosis attacks. Her biotinidase enzyme level was 1.1 nmol/mL/min (15.5%). Biotinidase gene analysis revealed c.98-104delinsTCC/p.D444H mutation and after biotin therapy, she had no hypoglycemia nor ketoacidosis attacks. Details of the symptomatic patients are given in Table 2 .
The diagnosis was confirmed with biotinidase enzyme activities in all patients and with BTD gene analysis in 226 (87.2%) patients. The mean biotinidase enzyme activity of the patients was 1.22 ± 0.68 nmol/mL/min (0.04-3.0) and % 16.66 ± 9.11 (% 1-% 42). The mean lactic acid level at the time of diagnosis was 12.8 mg/dL (range: 5.4-38.8). The highest lactic acid level during follow-up was 62 mg/dL. Blood spotfree carnitine and acyl carnitine analyses were normal. Only two patients' urine organic acid analysis revealed methylcitrate elevation.
The biotinidase enzyme levels of 14 patients were below 3 nmol/min/mL (reference: 4.4-12). They had >30% enzyme activity and they also all had pathogenic mutations in both alleles of the BTD gene. Ten of them had the homozygous p.D444H mutation; two patients had compound heterozygous p.D444H/c1324delG mutations. Details of these patients are given in Table 3 .
Biotinidase gene analysis was performed in 226 (87.2%) patients. Ninety-seven (42.9%) patients had homozygous mutations, and 125 (55.3%) patients had the compound heterozygous mutation. Four patients had partial BD and had the heterozygous mutation. The most common mutation was p.R157H/p.D444H (44 patients; 19.4%), the second most common mutation was compound heterozygote mutations with p.D444H (41 patients; 16%). Thirty-eight (16.8%) patients had homozygote p.D444H mutation and homozygote p.R157H mutation was found in 26 (11.5%) patients. Six patients' BTD gene analysis revealed a homozygous p.D401N mutation. To the best of our knowledge this mutation is a novel mutation in BD patients. Details of the BTD gene analysis of the patients are given in Figure 1 .
Of the 73 patients with profound BD, 59 (80.8%) of them had BTD gene analysis. None of the patients with profound deficiency had homozygote p.D444H mutation. Two patients who had p.D444H mutation had a profound deficiency and mutations in the second alleles of the patients' were p.A287T and p.Q456H. The most common mutation was homozygote p.R157H mutation in profound BD patients. Twenty patients (33.8%) had homozygote p.R157H mutation. The mutation analysis of patients with profound BD are summarized in Table 4 .
Of the 186 patients with partial BD, 167 (89.7%) of them had BTD gene analysis. The most common mutations are p.R157H/p.D444H (44 patients, 26.3%) and homozygote p.D444H mutations (38 patients, 22.7%). The patients having the novel mutations p.D401N were all partial BD. Also, the patients having c.1324delG/p.D444H compound heterozygote mutation were all partial BD. The mutation analysis of these patients are summarized in Table 5 .
Four (1.7%) patients had a heterozygote mutation. All of these patients had partial BD with enzyme activities of 14%, 15%, 21%, 23% and with the mutations p.F128S and p.P391S (cis position), p.R157H, p.R157H, and p.D444H and, respectively. The novel mutations which were detected in this study are p.D401N(c.1201G > A), p.A82G(c.245C > G), p.F128S(c.383T > C), c617_619del/TTG(p.Val207del), p.A287T(c.859G > A), p.S491H(c.1471A > G). The p.D401N (in one or both alleles), p.A82G (in one allele), pP391S (in one allele) mutations were detected in partial BD. Homozygote p.F128S mutation was detected in one profound BD patient. Also, p.F128S was found in one allele of a patient with partial BD.
All patients were treated with biotin; 5-10 mg/ day in patients with partial BD and 10-20 mg/day in patients with profound BD. The mean follow-up period was 3.4 ± 2.7 (6 months-17.9 years). During follow-up, one patient who had been diagnosed with partial BD by newborn screening with a compound heterozygous mutation p.A171T/p.D444H had a mild developmental delay at the age of 3.5 years. The examinations of other systems were normal and a cranial magnetic resonance imaging was normal.
During follow-up, attention deficit hyperactivity disorder was detected in five patients. Three of them had partial BD; two patients had profound BD. The BTD gene analysis of these patients revealed p.A171T/p.D444H, c1324delG and p.D444H/p.D444H, c.407-408insA/p. D444H and homozygous p.R157H, homozygous c.98-104 delinsTCC, respectively. Four patients had a diagnosis of a different disease coincidentally during follow-up. Three of them (Patient nos. 173, 235, 25) had partial BD and were treated with biotin (5-10 mg/day) therapy. Patient 58 had a profound deficiency and was treated with 20 mg/day biotin. A 6-yearold boy with partial BD, had a complaint of dark-colored urine after the age of 18 months. Urine organic acid analysis revealed high homogentisic acid levels; 1534 nmol/mol creatine (N: 0). He has normal growth and development. An eye examination, hearing test, echocardiography and urine protein analysis were normal. Creatine kinase elevation was detected in one patient, who had low α-glycosidase enzyme activity, and GAA gene analysis revealed compound heterozygous IVS1041G>T (c.1551+G>T)/p.T653N (c.1958C>A) mutation and was diagnosed with Pompe disease. His echocardiography was normal. Patient 58 had direct bilirubinemia and was diagnosed with Gilbert's syndrome. Patient 51 had hemolytic anemia and was diagnosed with glucose-6-phosphate dehydrogenase deficiency (G6PD). The details of the patient with coincidental second diseases are given in Table 6 .
Iron deficiency anemia was detected in 30 (11.5%) patients, and vitamin B12 deficiency was detected in three (1.5%) patients. Two (0.7%) patients had benign transient alkaline phosphatase elevation.
Discussion
BD is an autosomal recessive disorder caused by the deficiency of the enzyme biotinidase. Clinical signs include vomiting, hypotonia, seizures, development delay, optic atrophy, lactic acidosis, ketosis, skin rash, alopecia, hearing loss, hyperammonemia and respiratory problems [5] [6] [7] . The incidence of BD is 1:40,000-1:60,000 births in the world according to previous studies; however, in some countries, this prevalence is higher due to high rates of consanguinity [14] . Based on the data published by the Turkish Ministry of Health, the incidence of BD is approximately 1:7116 [15] . BD is a common disorder in Turkey [16] . In our study, the consanguinity rate was detected in 33.2% of the patients, which was high.
Children with profound deficiency usually presented with neurological involvement in the first years of life [14] . Symptoms of untreated profound BD usually appear between the ages of 1 week and 10 years with a mean age of 3.5 months [7] . Some patients with profound BD do not exhibit symptoms until adolescence or adulthood [7] . In this study total, 12 patients had symptoms, and five of them had profound BD. Two parents were diagnosed with profound BD and they were also asymptomatic.
Wolf [17] demonstrated the clinical findings of patients with delayed-onset BD. These older children and adolescents exhibited neurological features that included para-or tetraparesis with vision loss or scotomas. These patients who first presented with symptoms as older children and adolescents had profound BD [17] . In our study, a patient with profound BD had sudden loss of vision and muscular weakness and was treated with steroids before the diagnosis. Especially for those patients who were born before the newborn screening program, BD should be considered as the differential diagnosis according to the clinical symptoms and signs.
Having sufficient residual enzyme activity may be the reason for the presence of the asymptomatic patients. When stressed with a severe infection, they may develop symptoms. The presence of epigenetic factors or dietary differences in biotin intake that protect some patients from developing symptoms has also been reported [18] . Similarly, in our study, a 19-year-old-girl was diagnosed with partial BD at the age of 16 years. She had recurrent hypoglycemia and ketoacidosis attacks usually during upper airway tract infections. She had a partial deficiency and had the c98-104delinsTCC/p.D444H compound heterozygote mutation. After starting biotin therapy, she became asymptomatic.
In the literature, there are some reports about asymptomatic adult relatives and siblings of symptomatic children or the patients who were diagnosed by newborn screening and remained asymptomatic without therapy [19, 20] . Although they may still be at risk for having symptoms the absence of suggested symptoms may be due to epigenetic factors that protect some enzyme-deficient patients from developing symptoms [14] . In this study, 15 parents were diagnosed with BD and they were all asymptomatic. A group of children with less than 1% activity did not develop symptoms and in a group of patients with 1%-10% mean normal activity the patients developed symptoms during the first few months of life. The recommendation is to treat all children with profound BD [14] . In our study, most of the patients were asymptomatic, and it may be the result of the detection of patients by the newborn screening program and have been treated in early ages. Untreated children may exhibit metabolic ketoacidosis, lactic acidosis and/or hyperammonemia. BD is associated with typical organic aciduria including elevated excretion of 3-hydroxyisovaleric acid, 3-methylcrotonylglycine, methylcitrate and lactate which can be an important clue for the diagnosis. As the brain becomes biotin deficient earlier and effects the liver or the kidney more severely, patients may present with the serious neurological disease without showing clear abnormalities of organic acid excretion. 3-Hydroxy-isovalerylcarnitine (C5-OH) levels may also be elevated in some patients [21, 22] . In our study, lactate levels were elevated in some patients. As most of our patients were detected by newborn screening and were treated in early ages, all of our patients' C5-OH carnitine levels were normal, and only two of them revealed methylcitrate elevation in the urinary organic acid analysis.
Genc et al. [23] from Turkey demonstrated that during the years when the BD was not included in the newborn screening program, sensorineural hearing loss occured in approximately 55% of the patients with BD. In the followup, there were no differences in the audiograms compared to those of initial tests [23] . In our study, only two (0.7%) of the patients had hearing loss, and during follow-up no changes were detected in their audiograms.
In our study, 14 (5.4%) patients had low enzyme activity (< 3 nmol/min/mL) and had mutations in both alleles of the BTD gene. Ten of these patients had homozygote p.D444H. Although, patients 198 had 40% enzyme activity she had severe diaper dermatitis which responded to biotin treatment.
It was shown that the p.D444H mutation alone is a "milder" mutation and combined with a mutation for profound BD on the other allele results in partial BD whereas in the cis allele with A171T as the double mutant p.A171T:D444H; results in a profound BD [24] . We found three patients who had the mutation p.A171T:p.D444H/ p.D444H and they all had partial BD.
The children homozygous for p.D444H allele have about 50% of mean normal serum activity which is similar to that of individuals who are heterozygous for a single profound BD allele. This mutation is relatively frequent with an estimated frequency of 0.039 in the general population of Virginia [21, 25] . Similarly, in our study homozygote p.D444H mutation was frequent and this mutation was not detected in profound BD patients.
The mutations c.1324delG and p.S319F were recently reported by Seker Yilmaz et al. [26] as a novel mutation. In our study, six patients with partial deficiency had c.1324delG/p.D444H mutations, and two patients had p.S319F mutation combined with p.D444H and c98_104delinsTCC. The mutation c1320delG was also reported as a novel mutation by Sivri et al. [27] . One of our patients had this mutation with a partial deficiency. Pomponio et al. [28] reported the novel mutation R79C in the Turkish population, and Liu et al. [29] reported this mutation as a wild-type mutation. In this study, p.R79C/p.R79C mutation results in profound BD and this mutation results in a partial deficiency when combined with the p.D444H or Q511E mutation. The mutation p.C143F was described as a novel mutation by Karaca et al. [30] . We also detected this mutation combined with T532M in a profound BD patient.
Mikati et al. [31] reported the novel mutation p.E64K with partial BD, in our study, homozygote p.E64K mutation presented with profound BD and a compound heterozygote mutation p.E64K/p.D444H found in partial BD. In the literature, the p.P497S mutation frequently found in Somali patients who were detected with profound BD by newborn screening in Minnesota [32] . One patient had this mutation (p.P497S/p.D444H) with partial BD.
According to the literature, the mutations p.R157H, p.C186Y, p.T532M, p.Q456H were related with profound deficiency [33] . Also, we found these mutations in more than half of our patients with profound BD.
The novel mutations which were detected in this study are p.D401N, p.A82G, p.F128S, c617_619del/TTG, p.A287T, p.S491H. Genotype-phenotype correlations are not well established in BD. Deletions, insertions or nonsense mutations generally result in the complete absence of biotinidase activity [7] . Although genotype-phenotype correlation is not established, Sivri et al. [27] reported that all children with symptoms and with hearing loss were homozygous for null mutations whereas the children with symptoms but with normal hearing were all homozygous for missense mutations.
Reports from multiple countries provided awareness of children with partial BD who were not treated with biotin, but developed symptoms such as hypotonia, skin rashes and loss of hair when they had an infectious disease or moderately severe gastroenteritis [34] . In our study, three (1.6%) patients were symptomatic although they had partial BD. Two of these patients had severe diaper dermatitis and seborrheic dermatitis which had a response to biotin therapy although they had biotinidase activity of 32% and 40%, respectively. We think that many issues are unclear in BD. We treated all the patients with profound deficiency and partial deficiency. Patient 75 (the patient was diagnosed at 3 years of age) had partial BD with the homozygote mutation p.D444H and had motor mental retardation and seizures. As the BTD activity could be affected by both genetic and non-genetic factors such as age, prematurity, neonatal jaundice, the temperature of the sample during storage or transport, the BD genotype and biochemical phenotype (profound BD, partial BD or heterozygous activity) is not always consistent. Therefore, the diagnosis of BD should be based on more than one measurement of plasma biotinidase activity, and the highest enzyme activity result should be used for the classification [35] .
Children with profound BD are treated with pharmacologic doses of biotin (5-20 mg daily). Monitoring of urinary organic acids may be the only useful method for ascertaining whether the biotin dosage is sufficient [14] . We are using organic acid analysis for monitoring the blood lactate levels. Under biotin therapy, usually blood lactate levels were decreased in our study, and organic acid analysis returned to normal in the patients who were diagnosed by newborn screening. In our study, biotin treatment dose in patients with profound BD was 10-20 mg/day and 5-10 mg/day in partial BD patients. The only concern about using an optimal dose of biotin comes from the reports of several females who lose their hair during the pubertal period. Increasing the dose of biotin stopped their hair loss [14] . In our study, one mother with partial BD reported that hair loss decreased with biotin treatment.
Regular follow-up of our patients gave us a chance to detect the co-incidental diseases such as alkaptonuria, Pompe, G6PD and Gilbert's syndrome. To the best of our knowledge, these co-incidental diseases which were detected in our study were not reported in the literature of patients with BD. We thought that the patients with inherited metabolic disorders might have a second inherited disorder especially in countries which have a high rate of consanguineous marriage.
Conclusions
After the inclusion of BD in the newborn screening program, the number of patients has increased. We determined the clinical and genetic spectrum of a large group of patients with BD from the western part of Turkey. The frequent mutations in our study were similar to the literature. We found six novel mutations. Due to the high rate of consanguinity, we also detected some co-incidental inherited disorders during follow-up of our patients. Most of our patients were asymptomatic in this study. We would like to emphasize the importance of late-onset symptomatic disease which responds to biotin treatment.
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